We sought to characterize interchangeability and agreement between conebeam computed tomography (CBCT) and digital stereoscopic kV x-ray (KVX) acquisition, two methods of isocenter positional verification currently used for IGRT of head and neck cancers (HNC). A cohort of 33 patients were nearsimultaneously imaged by in-room KVX and CBCT. KVX and CBCT shifts were suggested using manufacturer software for the lateral (X), vertical (Y) and longitudinal (Z) dimensions. Intra-method repeatability, systematic and random error components were calculated for each imaging modality, as were recipe-based PTV expansion margins. Inter-method agreement in each axis was compared using limits of agreement (LOA) methodology, concordance analysis and orthogonal regression. 100 daily positional assessments were performed before daily therapy in 33 patients with head and neck cancer. Systematic error was greater for CBCT in all axes, with larger random error components in the Y-and Z-axis. Repeatability ranged from 9 to 14 mm for all axes, with CBCT showing greater repeatability in 2/3 axes. LOA showed 7 Author to whom any correspondence should be addressed. to 'satisfactory'. Proportional bias was noted between paired X-and Z-axis measures, with a constant bias component in the Z-axis. Our data suggest non-negligible differences in software-derived CBCT and KVX image-guided directional shifts using formal method comparison statistics.
paired shifts to agree 95% of the time within ±11.3 mm in the X-axis, ±9.4 mm in the Y-axis and ±5.5 mm in the Z-axis. Concordance ranged from 'mediocre' to 'satisfactory'. Proportional bias was noted between paired X-and Z-axis measures, with a constant bias component in the Z-axis. Our data suggest non-negligible differences in software-derived CBCT and KVX image-guided directional shifts using formal method comparison statistics.
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Introduction
The advent of modern conformal radiotherapy techniques places a greater premium upon positional verification, as substantial deviation from treatment planning simulations secondary to comparatively small geometric differentials may occur (Bel et al 1996 , Bos et al 2005 , Keall et al 1999 , Lebesque et al 1995 , Papiez and Langer 2006 , Remeijer et al 1999 , van Herk 2004 , van Herk et al 1997 , Kaiser et al 2006 . Reduction of uncertainty, as conceptualized by PTV margin minimization, is possible though positional set-up error minimization. Consequently, a variety of image-guided radiotherapy techniques (IGRT) have been implemented clinically in order to maximize allineation to the isocenter. Among these techniques, both stereoscopic kV x-ray (KVX) (Wu et al 2007 , Serago et al 2006 , Verellen et al 2006 , Sorensen et al 2006 , Pisani et al 2000 , Scarbrough et al 2006 and cone-beam CT (CBCT) (Boda-Heggemann et al 2006 , Guckenberger et al 2006 , Jaffray et al 2002 , Letourneau et al 2005 , Pouliot et al 2005 , Thilmann et al 2006 have seen ready implementation into clinical practice, albeit, as with many IGRT techniques, a modicum of attempts to compare distinct measurement methods head-to-head in various anatomic sites (Godfrey et al 2007 , Willoughby et al 2006a , 2006b , Wu et al 2007 , Scarbrough et al 2006 . While series detailing target alignment with KVX and CBCT have been performed (BodaHeggemann et al 2006 , Wu et al 2007 , Borst et al 2007 , to our knowledge, none compared using the same automatching software package or with specific method comparison statistical approaches (Bland and Altman 1986 , 1995a , 1995b , 2007 . Method comparison remain a rarity within the imaging literature (Schramm et al 2004 , Bradley et al 1999 , Mahnken et al 2005 , Bielak et al 2001 , Bland and Altman 2003 , Hilson 2004 and are minimally encountered within radiotherapy communiqués (Moseley et al 2007 , Fuller et al 2006 .
The specific aims of this prospective study included the following.
(1) Summarization of distributional and set-up error characteristics of near-simultaneous KVX and CBCT imaging method-derived positional using the same image coregistration/alignment software package. (2) Examination of KVX and CBCT paired software-suggested shifts using established strategies for method comparison. (3) Generation of hypotheses for future prospective research.
Methods

Study cohort
Patients with tumors of the salivary glands, oral cavity, pharynx or larynx treated were eligible for analysis. A total of 33 patients with head and neck cancers were enrolled in a prospective protocol, consisting of a paired, near simultaneous evaluation of spatial location using both KVX and CBCT.
Simulation and localization systems
Patients were simulated in the treatment position using in a dedicated CT scanner (2.5 mm slice thickness/68-slice; GE LightSpeed, General Electric, Chicago, IL) after administration of IV contrast (Visipaque, Amersham/GE Health, Chicago, IL). Customized headrests and mask (Civco, Kalona, IA) were used for immobilization. CBCT and stereoscopic kV x-ray were acquired near simultaneously at approximately biweekly intervals throughout a patient's course of treatment (dependent upon the scheduling exigencies in the department). CBCT/kV x-ray analyses were performed using the attached on-board imager (Varian Medical Systems, Palo Alto, CA). CBCT (2.5 mm slice thickness, full-fan geometry, full bowtie filter, 360
• rotation) was obtained after the patient was immobilized in the standard fashion. Specific mechanical and technical parameters of this manufacturer-supplied hardware/software system have been profiled in depth in extant manuscripts. CBCT acquisition methodology has likewise been detailed (Bissonnette et al 2008 , Jaffray 2007 , Jaffray et al 2002 , Letourneau et al 2005 , Djodjevic 2007 ) and has, in phantom verification analyses, a reported geometric accuracy of 0.8 ± 0.2 mm (Djodjevic 2007) . Automatic CBCT to simulation CT (3D-3D) registration was undertaken with manufacturer-supplied software (Varian OBI 1.3/Varian Vision, Varian Medical Systems, Palo Alto, CA). A kV x-ray pair was then obtained, typically within 2-5 min. A rectangular region of interest was set by the physician in the AP and lateral views on the initial day of setup and was replicated for matching purposes throughout treatment (Djodjevic 2007 , Fox et al 2006 . The kV x-ray OBI/automatching hardware/software system has been presented previously (Kim et al 2008 , Mechalakos et al 2007 , Sorcini and Tilikidis 2006 , in phantom verification tests, and is reported to have demonstrated 'overall uncertainty in the positioning of known offsets [of] approximately 1.4 mm for most clinical cases' (Fox et al 2006) . Automatic KVX to DRR (2D-2D) registration was also accomplished using the same manufacturer-supplied software package (Varian OBI 1.3/Varian Vision, Varian Medical Systems, Palo Alto, CA). The aforementioned software version utilizes a registration framework for 2D-2D automatching wherein an initial image set (designated as the fixed image) and a subsequent dataset (moving image) are spatially mapped using transform parameters. The registration task is performed via iterative optimization problem using established algorithms (Wells et al 1996 , Kim et al 2007 , Balter and Kessler 2007 to evaluate image-intensity agreement after sequential matching steps. Specifically, widely implemented mutual information (Maes et al 2003, Viola and Wells III 1997) and pattern intensity (Penney et al 1998 (Penney et al , 2001 ) algorithms are implemented for 2D-2D and 3D-3D optimization (as in this series). The manufacturer-supplied automatching software uses a distinct approach for 2D-3D matching (which was not evaluated in this study), which requires radio-opaque marker identification in the planning CT and implements a prior-knowledgebased approach using epipolar triangulation to generate a least-squares match between the three-dimensional marker position in planning CT and planar image sets.
Recorded shifts represent the coregistration/allineation software derived values without physician/observer modification. Analysis and matching of kV x-rays was performed in less than 1 min. The CBCT acquisition and matching process was accomplished in approximately 5-6 min total. Patients were always ultimately shifted and treated based on the softwaresuggested kV x-ray shifts with physician validation/confirmation, using daily 'on-line' correction.
Statistical analysis
For each paired-method positional acquisition, the origin was defined as the point in space identified by the initial isocenter position using immobilization-mask-based markers. Utilizing a three-dimensional Cartesian coordinate system, this spatial location was designated as a 'zero point' with X/Y/Z coordinates of 0, 0, 0. Software-derived shifts for each system were recorded in millimeters, specified as X-, Y-or Z-axis. The KVX softwarederived shifts were characterized as lateral (left/right) X KVX , vertical (AP/PA) Y KVX and longitudinal (superior/inferior) Z KVX coordinates. Similar nomenclature was utilized to label the corresponding axes (X CBCT , Y CBCT , Z CBCT ) for CBCT-based shifts. Statistical analysis was performed using JMP v6 (SAS Institute, Cary, NC, USA), EZ-Rose (Baas 2000) (University of Wales-Bangor, UK) and Oriana (Kovach Computing Services, Anglesey, Wales, UK) software packages.
Intra-method summary statistics
Series median, mean and standard deviation (SD) were calculated in each axis for each imaging platform. The 360
• rotational distribution of each imaging modality was evaluated for uniformity using Watson's test for uniformity (Watson 1967 ) of a circular distribution with a non-corrected α = 0.05. The mean vector orientation ±95% confidence interval, Batschelet's circular standard deviation (Batschelet 1981) and distribution type were calculated using software for circular data analysis.
Error component estimation and margin calculation
Systematic and random error components for the entire cohort were assessed via the method of van Herk et al (2004) , where systematic error component ( ) was calculated as the standard deviation of the mean set-up correction for each individual patient, and the random error component (σ ) was determined by calculating the root mean square of the series standard deviation of every patients' set-up error. Systematic errors for KVX and CBCT were calculated. Probabilistic target volume coverage margins were assessed via methods described in previous series. As a measure of clinical usable margins (M), margins suggested by van Herk et al (2004) , which provides a minimum cumulative CTV dose of at least 95% of the prescribed dose for 90% of the patient population, was calculated as M = 2.5 + 0.7σ .
Method comparison and concordance
The Altman-Bland analysis was implemented to determine method agreement in cases when a 'gold-standard' has not been established (Bland and Altman 1986 . The mean difference (X KVX-CBCT ), standard deviation of differences (SD KVX-CBCT ) and 95% limit of agreement (LOA KVX-CBCT ; ±1.96 times the standard deviation of the differences) were calculated. While there are no statistical thresholds (e.g. p-values) for LOA, this allows clinicians to determine whether such a differential is clinically meaningful, as the LOA indicates a range wherein measurements from each device may be expected to agree in 95% of cases. Since this dataset comprises multiple measures for each patient, the unequal replicates variant of the Altman-Bland analysis was performed (Bland and Altman 1999) . This calculation involves estimation of intra-method repeatability (that is the variability between fractions on the same patient using the same measurement technique). The Altman-Bland repeatability coefficients, R KVX and R CBCT , which represent the 95% confidence interval of the within-subject standard deviations (i.e. square root of the residual mean square for each method) were calculated.
As an evaluative measure of concordance between techniques (Arbillaga et al 2002 , King and Chinchilli 2001a , 2001b , Lin 1989 ), Lin's concordance coefficient was calculated. Lin's concordance coefficient (LCC), initially used to compare whether a series of observations reproduces an original series when the variance between measurement devices is unequal, is calculated as the product of the Pearson correlation coefficient (r P ) and a bias correction factor (C b ). Techniques/methods are regarded as equivalent if the coefficient is greater than a specified threshold, with concordance increasing as r P approaches 1.0. Partik's categorical grading criteria may then be implemented in order to convert the numeric value of Lin's concordance coefficient into an ordinal scale (Partik et Deming orthogonal regression was implemented to assess bias-corrected correlation between paired measures, using the ratio of variances between KVX and CBCT cohorts, as well as proportional and constant between method bias (Fuller et al 2006 , Konings 1982 , Martin 2000 .
Results
A sequential series total of 100 paired positional alignments were recorded in 33 patients, with a mean of three alignment pairs per patient.
Intra-method summary statistics
Median, mean and standard deviation are summarized in table 1. A three-dimensional graphical plot of all points, with 95% isosurface, is shown for KVX and CBCT in figures 1(a) and (b), respectively. The mean directional shift in each cardinal axis was within 1 mm or less for all axes, for both modalities. Circular statistics revealed a nonuniform, Gaussian distribution for both KVX and CBCT localization, with range of rotation between −4.9
• and +4. All values in degrees; M = mean rotation in degrees ±95% confidence interval of mean; SD B = Batschlelet's circular standard deviation. Limits of agreement analysis (X KVX-CBCT = mean of differences between paired measures; SD KVX-CBCT = standard deviation of differences between paired measures; LOA KVX-CBCT = 95% limits of agreement). All values in mm. Deming orthogonal regression is shown graphically in figures 3(a)-(c). The bias-corrected correlation was lowest in the X-axis, which exhibited a proportional bias between KVX and CBCT (p < 0.05). Proportional and constant bias was noted at the p < 0.05 level for the Z-axis. Concordance analysis is presented in table 7, with all axes showing 'mediocre' to 'fairly good' concordance.
Discussion
Rapid technical progress and the ready availability of novel radiotherapy equipment have meant that the vast majority of image-guided techniques are implemented in the absence of comparative series with other modalities; this has resulted in a heterogeneous use of different positional verification systems across institutions (Ling et al 2006) . A host of planar and volumetric image-guidance platforms are available commercially, some with distinctive proprietary features (Zeidan et al 2007 , Pouliot et al 2006 , Meyer et al 2007 , McBain et al 2006 , Letourneau et al 2005 , Jaffray et al 2002 , Godfrey et al 2006 , Court et al 2007 . To date, the vast majority of target localization series have focused upon prostatic cancer (Fuss et al 2003 , Lohr et al 2007 , Scarbrough et al 2006 . In an effort to determine interand intra-platform variation, we have sought to characterize specific indicative parameters affording comparison of image-guidance techniques for head and neck cancers. However, direct comparison of image-guidance system-derived shifts using either means comparison (i.e. t-tests) or least-squares regression is statistically inappropriate when one device has not been established as a gold standard (Bland and Altman 1995b). Consequently, in addition to standard intra-method distributional and error analysis, we sought to characterize method agreement implementing established statistical tests. By and large, rotational distributions, as assessed by CBCT and KVX, were of negligible magnitude and likely contributed little to inter-method variation (table 2) . This study includes evaluation of error components, which are potentially more practically useful than intra-method descriptive statistics for the evaluation of positional accuracy. In this series, non-negligible (i.e. > 1 mm) differences were noted in between cumulative measures of systematic and random error in the X-and Z-axes, respectively. Comparison of the systematic and random error components of the difference between paired measures indicates that a nonnegligible residual set-up error would be expected using correction on KVX after CBCT, and further alluding to a distinct error profile between devices. Given margin expansion recipes (Stroom et al 1999 , van Herk 2004 , van Herk et al 2000 are reflective of this fact, as systematic error is weighted several fold higher than random error in mathematical accounting of set-up uncertainty.
Inter-method comparison analyses presented herein are indicative of the relative statistical agreement between devices. The Altman-Bland analysis resulted in the finding that measurement on KVX-CBCT comparison exhibited 95% limits of agreement of ±11.3 mm in the X-axis, ±9.4 mm in the Y-axis, and ±5.5 mm in the Z-axis. Whether such discrepancies are of importance must be made as a clinical judgment, as the Altman-Bland analysis presents no 'threshold' or p-value, leaving determination of the significance relative of between-device differentials to clinicians.
There are several potential rationales for the observed differentials between KVX and CBCT. The information sets of planar radiographic and tomographic transmission images are quite different, as KVX techniques utilize planar image-datasets, which are then aligned to two-dimensional DRRs, while CBCT affords combination of volumetric data from the kV simulation CT and the treatment CBCT. Additionally, both modalities utilize requisite operatordependent region of interest (ROI) determination, which may differ between modalities. Consequently, when a given mutual information software system (in this case Varian OBI v 1.3) coregisters said images with the simulation CT, distinct automatching software algorithms are implemented, possibly resulting in differing distributions. However, we would then expect differences to be observed in suggested shifts using a standardized phantom. In order to ensure that observed differentials in KVX and CBCT were not attributable to calibration error on either imaging device or the software platform, a post hoc quality assurance test was performed using a tissue equivalent phantom (figure 1, Honeybaked Ham, Norcross, GA). The phantom was offset by a known value and automatched as per the methods section. After a series of repeated measures (n = 10), sequential near simultaneous phantom measures for each device were within 1 mm of the physical offset employed (i.e. less than or equal to the minimum spatial resolution of the KVX platform output), suggesting minimal calibration/quality assurance deviations. This is consistent with previous reporting by for example Djodjevic (2007) , who reported mean ±SD differences between KVX and CBCT on a series of phantom alignments for lateral, vertical and longitudinal axes of 0.5 ± 0.1, 0.5 ± 0.1 and 0.7 ± 0.4 mm, respectively. Despite the best efforts to undertake near simultaneous images using both techniques, it is possible that patient motion might introduce some artifact into the positioning process. This possibility has been raised in similar series (Li et al 2008) , and, if true, would place renewed focus on patient immobilization in IGRT for head and neck sites. However, the repeatability coefficient differential observed is suggestive that, presumably at the software level, processes involved in generation of shift automatching exhibit resultant CBCT shifts with greater repeatability over serial imaging of the same patient compared to KVX. This indicates some possible influence of the software package, rather than intrinsic properties of the imaging modalities.
Furthermore, growing awareness that the human neck is not a rigid, but rather a deformable structure (van Kranen et al 2009) , necessarily means that the capacity for correction for head and neck positional variability through translational correction is therefore necessarily limited. Consequently, IGRT software systems that implement a region of interest as a reference for correction may be compromised due to cervical deformation, in addition to ROI delineation variability. Volumetric images could thus present an opportunity the ability to more accurately define the anatomy for alignment using more eloquent software corrections (van Herk et al 2004) .
Recently, Wu et al presented data evaluating near-simultaneous kVX, CBCT and digital tomosynthesis (DTS) image-acquisition for IGRT (Wu et al 2007) and observed differentials in daily shifts similar in magnitude to this study, albeit without implementing formal method comparison statistical measures. Manual image alignment was performed in their KVX/CBCT/DTS series, whereas in the present study, software suggested shifts without operator manipulation are detailed. Additionally, Li et al have recently published a similarly sized dataset comparing single institution results comparing KVX and CBCT for head and neck (Li et al 2008) . Their dataset provides an excellent complement to the independent institutional dataset presented herein. The data presented by Li et al which also examined mechanisms of immobilization resulted in substantially smaller recommended safety margins than those derived from the present dataset, which may reflect institutional variation in immobilization.
While similar to the analysis presented by Li et al (2008) , this dataset was analyzed using formal method comparison analyses, avoiding potential statistical errors associated with implementation of the t-test or uncorrected regression analysis for the examination of between-method differentials (Fuller et al 2006 , Bland and Altman 1986 , 2007 . Such comparative series are essential as they are only way mechanism to characterize the relative performance between an ever-increasing field of competitive image-guidance devices with regard to representation of physical phenomenon (e.g. patient motion), hardware or software processes. Finally, since all data were collected at a single institution and are a numerically limited sample, the obvious standard caveats apply.
Conclusions
Finally, the following may be surmised from our analysis.
(1) KVX and CBCT show non-negligible measurement differences when measuring the same patients near-simultaneously. (2) CBCT exhibits greater repeatability in two of three measured axes compared to KVX. (3) Error component analysis shows distinct error profiles for given axes using KVX and CBCT.
This study, which to our knowledge represents the largest reported formal method comparison analysis of these two image-guidance techniques, should serve as an impetus for future method comparison series. Our group is currently exploring novel method comparison techniques (Roy 2006 (Roy , 2009 , which may provide capacity for definitive recommendation of one platform over another. In the interim, based on our series, we do not recommend utilizing CBCT and KVX data interchangeably for head and neck positional verification. Patient shift derived from one imaging platform should be implemented throughout therapy, and automated shift corrections from one platform should not be substituted with one another.
